Adsorption-induced deformation of coal during carbon dioxide sequestration in coal seams at elevated pressures and temperatures is studied with the quenched solid density functional theory (QSDFT) model. Two types of deformation behaviors in pores of different size can be identified from the dependence of the solvation pressure on the CO 2 pressure. The smallest micropores (<0.5 nm, at 360 K) monotonically expand as the pressure increases. The larger pores >0.5 nm tend to contract at low pressures (1-10MPa), however this low pressure contraction is followed by expansion as the pressure increases further. Comparison with methane adsorption under the same geological conditions shows that the adsorption capacity of carbon dioxide is larger than that of methane. The difference in volumetric strain induced by adsorption of carbon dioxide and methane is most pronounced for micropores (≤2nm), where the volumetric strain difference can be as large as 1.7% in the case of 0.7nm pore at 100 m depth, which could cause significant reduction in permeability of the reservoir due to coal deformation. The contrast between the adsorption stress, resulting from the displacement of methane by CO 2 , decreases to 0.6% at 5 nm pores with increasing pore size and gradually diminishes in larger mesopores. The conclusions of the QSDFT model are validated by comparison with available literature experimental data and can be used for quantitative estimates of the effects of coal deformation.
. Numerous experimental techniques, such as gravimetric-chromatographic method [Ottiger et al., 2008a; Ottiger et al., 2006] , gravimetric sorption [Bae and Bhatia, 2006; Day et al., 2008b; Sakurovs et al., 2008] , isothermal adsorption [Mastalerz et al., 2008; Yao et al., 2009] , small angle neutron scattering [He et al., 2010; Mares et al., 2009] , and volumetric method [Gürdal and Yalçın, 2000; Gruszkiewicz et al., 2009; Krooss et al., 2002; Mastalerz et al., 2004; Radovic et al., 1997] , were adopted to investigate CO 2 adsorption capacity on coal. In addition, various theoretical methods were employed, including reservoir simulations (e.g., ECBM-TOUGH2) [Zarrouk and Moore, 2009] , Toth equation [Bae and Bhatia, 2006] , the lattice density functional theory (DFT) model [Ottiger et al., 2008a] , Denton-Ashcroft DFT [Kurniawan et al., 2006] , Monte Carlo simulation (MC) [Kurniawan et al., 2006; Sınayuç and Gümrah, 2009] , modified Dubinin-Radushkevich (DR) model [Day et al., 2008b; Day et al., 2008c; He et al., 2010; Sakurovs et al., 2007; , simplified local-density/Peng-Robinson (SLD-PR) model [Fitzgerald et al., 2003; Mohammad et al., 2009] , the multiple sorption model (MSM) [Milewska-Duda et al., 2000] , and variable saturation models [Liu and Smirnov, 2008; . CO 2 adsorption capacity is influenced by many factors, such as porosity, lithotype, rank, and water content [Zarrouk and Moore, 2009] .
Porosity of coal was found to be predominantly composed of micropores smaller than 2 nm in diameter and mesopores ranging between 2 and 50 nm, with the micropores making the largest contribution into the adsorption capacity [Clarkson and Bustin, 1996; 1999; Mares et al., 2009] .
Usually, coal can adsorb CO 2 up to about 10% of its mass under geological conditions [Ottiger et al., 2006] . Fusain, fibrous and friable charcoal usually has the smallest micro-and mesopore volumes, and thus it has the smallest adsorption capacity, while vitrain, with its conchoidal fracture and cubic cleavage, represents an example of coal with well-developed micro-and mesoporosity and high adsorption capacity [Mastalerz et al., 2008] . Depending on the rank of coal, adsorption of supercritical CO 2 may cause either an increase or decrease of the micro-and mesopore volumes [Gathitu et al., 2009] . Moist coal has a significantly lower maximum sorption capacity for both CO 2 and CH 4 than dry coal [Krooss et al., 2002] . However, the extent, to which the capacity is reduced, is mainly dependent upon the properties of the coal.
High-rank coals are less affected by the presence of moisture than low rank coals. There exists a certain moisture content, beyond which the moisture does not further affect the sorption capacity of CH 4 or CO 2 [Day et al., 2008b] . The presence of pore water may reduce the adsorption capacity of CO 2 either by blocking diffusion pathways or by occupying adsorption sites within the coal matrix [Ozdemir and Schroeder, 2009] . Although we acknowledge the importance of water sorption, this effect is not considered in this paper.
Adsorption-induced deformation is an interesting phenomenon, which has a significant influence on the coalbed permeability and, hence, on the recovery performance in general [Siriwardane et al., 2009; van Bergen et al., 2009b] . Experimental investigations were performed in the past by the dilatometric method [Ceglarska-Stefanska and Czaplinski, 1993; Kelemen and Kwiatek, 2009; Reucroft and Sethuraman, 1987; Walker et al., 1988] , optical method [Astashov et al., 2008; Day et al., 2008a; He et al., 2010; Karacan, 2007; Ottiger et al., 2008b; Pini et al., 2009; Pone et al., 2009; van Bergen et al., 2009a] , strain method [Cui et al., 2007; Majewska and Ziętek, 2008; Majewska et al., 2009; St. George and Barakat, 2001] , and acoustic emission (AE) measurement [Majewska and Ziętek, 2008; Majewska et al., 2009] .
Theoretical studies, including coupled structural deformation and variable saturation models [Liu and Smirnov, 2009] , reservoir simulation (e.g., PSU-COALCOMP) [Siriwardane et al., 2009] , energy balance approach [Pan and Connell, 2007] , and Monte Carlo (MC) simulations [Kowalczyk et al., 2010] , were employed to study swelling and shrinkage of coal caused by the CO 2 sequestration process. Vitrinite, which is one of the primary components of coals and most sedimentary kerogens, showed the highest degree of swelling due to CO 2 sorption, while some other coal fractions were compressed [Karacan, 2007] . Day et al. [2008a] found that coal swelling, which was completely reversible in their experiments, increased with a maximum volumetric swelling between 1.7 and 1.9%, as a function of pressure up to about 8 to 10 MPa, with no further swelling observed at higher pressures. Pone et al. [2009] reported volumetric strain in the range of −4.25% to 1.25%, while Karacan [2007] reported that volumetric strains were from -15% to 15% depending on the location, due to a heterogeneous nature of the sample.
Due to a competition for the adsorption sites between water and gas molecules, swelling of moisturized coals was smaller than of dry ones [van Bergen et al., 2009a] . In the work of Majewska and Ziętek [2008] , preferential sorption/desorption of CH 4 or CO 2 in coal was investigated. They found that the injection of CO 2 into CH 4 -saturated coals caused considerable swelling of the coal. After CH 4 /CO 2 exchange sorption, initial contraction of coal was followed by its expansion during desorption which started at 3.8 MPa CO 2 pressure. In summary, CO 2 adsorption-induced deformation is a complicated problem, which is controlled by many factors, including temperature, pressure, gas mixture adsorption, coal rank, moisture, and etc. There are only a few theoretical studies on this issue [Kowalczyk et al., 2010; Liu and Smirnov, 2009; Pan and Connell, 2007; Siriwardane et al., 2009] . The mechanism of coal deformation during CO 2 sequestration is still poorly understood both at the microscopic and at pressures up to 27 MPa. macroscopic scale. Among the theoretical works, only the recently published work of Kowalczyk et al. [2010] focused specifically on the molecular level investigation of coal swelling. This Monte Carlo (MC) study was concerned with the effects of micropore size on deformation of coal at 333 K In this paper, the quenched solid density functional theory (QSDFT) model is employed to study CO 2 adsorption and respective deformation behavior of coal under geological conditions.
We will briefly present the QSDFT methodology used to calculate the solvation pressure and volumetric strain and describe the interaction parameters and coal model. We continue to present the results of our calculations on CO 2 adsorption capacity, adsorbate density profiles and solvation pressure in various pores over a wide range of pressures, up to pressure of 100
MPa. The QSDFT model is validated by comparison with literature experimental data, and it is employed to study the adsorption behavior of model coals at elevated pressures and temperatures. Our calculations show that the adsorption capacity of CO 2 is larger than that of methane under the same conditions, and thus displacement of the latter by CO 2 may cause significant deformation of the coal seam. The deformation effect progresses with the pore size decrease; CO 2 adsorption in the microporous coals with 0.7 nm pores may cause the largest permeability reduction due to swelling.
Methodology and model
The density functional theory (DFT) with properly chosen parameters of intermolecular interactions bridges scales from molecular simulations to classical thermodynamics [Neimark et al., 2003] . DFT can approximate the results of Monte Carlo (MC) simulations for pores wider than about 2 nm and, in turn, can be approximated by the macroscopic Derjaguin-Broekhoff-de-Boer (DBdB) equations for pores wider than 7-10 nm. Compared to classical NLDFT (nonlocal density functional theory), the QSDFT model takes into account the carbon surface heterogeneity and significantly improves the way of calculating adsorption isotherms. The details of the QSDFT method are given in earlier literature [Neimark et al., 2009; Ravikovitch and Neimark, 2006a] . QSDFT considers the solid as a quenched component of the two-component solid-fluid system and reduces the adsorption interactions to the pairwise interactions between molecules of adsorbate (fluid) and adsorbent (solid). In our calculations, we used the Lennard-Jones (LJ) potential to represent both fluid-fluid and fluid-solid interactions. In addition, we employed the standard WCA scheme to determine the van der Waals attractive potentials,
For CO 2 -CO 2 interaction, the effective LJ parameters for fluid-fluid interactions were chosen as ε ff /k B = 235.9 K, σ ff = 0.3454 nm. The hard sphere diameter of the fluid molecule is given as d HS = 3.495 nm. For carbon-CO 2 interaction, the effective LJ parameters for solid-fluid interactions were chosen as ε sf /k B = 81.5 K, σ sf = 0.343 nm [Ravikovitch et al., 2001] .
In the QSDFT model, the key parameter is the roughness parameter δ, representing an average characteristic scale of the surface corrugations. We adopted the surface density distribution suggested in earlier papers [Fitzgerald et al., 2003; Neimark et al., 2009] is the density of bulk carbon; h 0 is the effective thickness of the solid wall assumed to be h 0 = 2×0.34 nm. The roughness parameter δ represents the half-width of the density ramp (2), and is taken as δ= 0.13 nm [Neimark et al., 2009] .
In the QSDFT model, coal deformation is interpreted in terms of solvation pressure. The solvation pressure may be either positive or negative, causing contraction or swelling, respectively [Kowalczyk et al., 2008; Ravikovitch and Neimark, 2006b; Ustinov and Do, 2006] .
The solvation pressure f s can be obtained by the following equation [Balbwna et al., 1993] :
where A is the surface area, Ω is the grand thermodynamic potential of the adsorbed phase, H is the pore width, T is the temperature, μ is chemical potential,  p is the bulk fluid pressure. The carbon matrix is assumed to be incompressible, so that the deformation is limited to the change in the coal porosity, and the volumetric strain is given by:
where φ is the porosity and k is the elastic modulus, which is related to the bulk modulus K, by K=k/φ. Here, k is assumed to be independent of the pore size [Kowalczyk et al., 2008] .
Results and discussion
We calculated adsorption isotherms and density profiles of CO 2 in coal pores of various sizes, under a range of CO 2 pressures, at 298K and 360K. We applied these results to predict the extent of deformation in a hypothetical coal seam.
Adsorption isotherms and density profiles of CO 2 in coal pores
According to the IUPAC classification [Sing et al., 1985] , the absolute adsorption isotherms of CO 2 in coal belong to Type I and Type IV depending on the pore width and temperature. In Fig.1 , the absolute adsorption isotherms at 298 K and 360 K increase monotonically for all pores. The absolute adsorption capacity at 360 K is smaller than that at 298 K by up to 80%, which is in line with the negative effect of temperature on adsorption capacity [Sakurovs et al., 2008] . The maximum excess adsorption amount of CO 2 adsorbed at 360 K occurs in the pressure range 4-20 MPa, depending on the pore width.
In Fig. 2 , with the increase of the pore width and pressure, the density profiles of CO 2 show a typical transition from one layer to multiple layers, i.e. maxima in the curves, of adsorbed CO 2 .
It is obvious that the density of adsorbed CO 2 is pore width and pressure dependent, and the density of adsorbed CO 2 can exceed the density of the bulk fluid at the same conditions, typically at pressures ≤ 1 MPa (see Table 1 ). Under such low-pressure conditions, the density of adsorbed CO 2 was reported with a factor of three to five times denser than that of the bulk [Melnichenko et al., 2009; Radliński et al., 2009] . According to our calculations (Fig. 2) , the adsorbate density increases with pressure, but decreases with temperature. From the density profile, we can also conclude that temperature negatively influences packing effect (layering).
For example, in 1 nm pores, at 100MPa, there are three distinct layers at 298K, while only two layers exist at 360K. From Fig. 2F , we find that at a given temperature, there exists a transition pressure, where the bulk density becomes larger than the average density in the pore. For pressures <20 MPa at 298K and for pressures <40 MPa at 360K, the average fluid density in pores is always larger than that of the bulk, and the average fluid density in 1nm pores is always larger than that in 5nm pores.
3.2 The effect of CO 2 adsorption in coal on the solvation pressure and volumetric strain
In Fig. 3 , the solvation pressure dependence on pore width is given. For micropores (<2 nm), the solvation pressure shows prominent oscillations, most likely due to the packing effect.
Similar results are found by Kowalczyk et al. [2008; 2010] . For mesopores > 2 nm, solvation pressure is more or less the same at all pressures and temperatures, and approximately equal to zero. This suggests that for mesopores, deformation is almost negligible regardless of the temperature and pressure compared to the deformation in micropores. Fig. 4 shows solvation pressure dependence on the external pressure. At pressures <10 MPa, the absolute value of solvation pressure at 298K is obviously larger than that at 360K. At 100MPa, the magnitudes of solvation pressure at 298K and 360K are almost the same for most of the pore widths, which indicates that the effect of temperature on solvation pressure is almost negligible for high pressures. Similar results were reported by Day et al. [2008a] . In their experiments, they found that temperature did not affect the maximum of swelling, and the swelling tended to occur at lower pressures, decreasing with increasing temperature. Two typical deformation behaviors at 360 K could be concluded from the solvation pressure dependence on the external pressure of CO 2 (see Fig. 5 ). Type I behavior shows a monotonic increase of the solvation pressure in the whole external pressure range, i.e. leading to expansion of the coal. However, at high external pressure, solvation pressure may either continue to increase or decrease, i.e. leading to expansion or contraction of the solid. This behavior is typical for the smallest pores <1.3σ ff (0.5 nm) that cannot accommodate more than one layer of CO 2 , as shown by the density profile in 0.5 nm pores (cf., Fig. 2a ). Type II behavior displays a negative f s , i.e., solid contraction, at low pressures followed by monotonically increasing f s , i.e.
solid expansion. At high pressure, the solid may expand or contract again. Type IIa is found for 0.6 nm and 0.9 nm pores. All other pores > 0.9 nm present the type IIb behavior. The type II behavior was found for a variety of zeolites and carbons in the past [Bering et al., 1977; Fomkin, 2005; Krasilnikova et al., 1977] . Pone et al. [2009] reported that the average volumetric strain of a confined bituminous coal subjected to 3.8 MPa confining stress and exposed to CO 2 for 57 days was about −0.34%, which could be explained by the deformation of the type II pores at low pressures.
The dependence of the solvation pressure on the adsorption amount is roughly linearly proportional to the amount of CO 2 adsorbed (see Fig. 6 ), up to an intermediate adsorption amount of about 10,000 mol/m 3 . At higher adsorption amount, the relationship becomes nonlinear. In the literature, Day et al. [2008a] found that at 328 K adsorption continued to increase at pressures of more than 10 MPa without swelling of the solid, similar to the case of 298 K for pores > 1.8 nm in our model. A linear dependence between sorption and swelling was also reported by Astashov et al. [2008] , while two other groups [Kelemen and Kwiatek, 2009; Majewska et al., 2009 ] reported a non-linear correlation between the strain and the adsorbed amount. In the case of 298 K, for pores ≤ 0.5 nm, the solvation pressures are almost always positive, i.e. leads to coal swelling, regardless of adsorption amount.
Validation of QSDFT model
We attempted to correlate the results of the QSDFT calculations with the available experimental data on adsorption-related deformation. Due to the lack of experimental pore size distribution (PSD) information, we use four typical pore sizes to construct the model PSD. The PSD, as given in Table 2 , gives the best fit to experimental data taken from different literature sources. Bulk modulus is taken as 2 GPa, which is consistent with the bulk modulus of 1-3
GPa for black coal, as suggested by Wang et al. [2009] . Our results of calculated volumetric strains are in good agreement with various experimental data (see Fig. 7 ). Note that in figure   7D , the experimental data for sample 3 at different temperatures agree well with the calculations performed with the same PSD.
CO 2 adsorption on a model coal bed
To analyze the effects of adsorption deformation under geological conditions, we assumed a model coal seam with temperature gradient of 0.03 K/m, pressure gradient of 0.01 MPa/m, and bulk modulus of 2 GPa. The adsorption capacities and solvation pressures of CO 2 and CH 4 at different depths in various pores were calculated. From Fig. 8A , it follows that for all pore widths, the adsorption amount of CO 2 is larger than that of methane under the same geological conditions. Similar results were reported by Esteves et al. [2008] and Zarębska and Ceglarska-Stefańska [2008] . It is possible that this excess amount of CO 2 may cause deformation during CO 2 sequestration. In the literature, it was reported that CO 2 can lead to higher strain compared to argon, N 2 and CH 4 [Pini et al., 2009; van Bergen et al., 2009a] .
Expansion of the coal samples during CO 2 sorption was about twice that of CH 4 in the work of [2008] . We calculated the volumetric strain curves for methane and CO 2 adsorption under the same geological conditions. Our results show that the 5 nm pores (typical mesopore size in coal) exhibit the smallest difference (<0.02%) in the volumetric strain between carbon dioxide and methane (Fig. 8b) . However, for micropores (≤2 nm), the volumetric strain difference can be as large as 1.7% for 1 nm pores at 100m depth. This significant coal expansion may lead to reduction in the permeability of the reservoir [Pini et al., 2009] .
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Conclusions
In this work, we employed the QSDFT model to study carbon dioxide adsorption on coal under geological conditions. The dependence of the carbon dioxide adsorption capacity and the solvation pressure on the depth of a coal seam is investigated for pores of different sizes. The The thick solid line represents the pore walls, and the thin line denotes the solid density. Fig.   2A~2E shows the density profile in the pores of 0.5 nm, 0.7 nm, 1 nm, 2 nm, and 5 nm. Fig. 2F presents the average density in 1nm and 5nm pore at different pressure. 
